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Abstract

The zeta-chain-associated protein kinase 70 kDa (ZAP-70), a member of the spleen tyrosine
kinase (Syk) family, plays an essential role in early T cell receptor (TCR) signaling. Defects in
ZAP-70 lead to impaired thymocyte development and peripheral T cell activation. To better
understand its activation dynamics and regulation, we visualized ZAP-70 activities in single live T
cells with a Forster resonance energy transfer (FRET)-based biosensor, which was designed for
probing kinase activities of the Syk family. We observed in Jurkat E6.1 T cells rapid and specific
FRET changes following anti-CD3 stimulation and subsequent piceatannol inhibition. The
initiation of ZAP-70 activation was prompt (within 10 sec) and correlates with the accompanied
intracellular calcium elevation, as revealed by simultaneous imaging of the biosensor and calcium.
Different from the previously reported ZAP-70 activation in the immunological synapse and the
opposite pole (anti-synapse), we have observed rapid and sustained ZAP-70 activation only at the
synapse with superantigen-pulsed Raji B cells. Furthermore, ZAP-70 signaling was impaired by
cholesterol depletion, further supporting the importance of membrane organization in TCR
signaling. Together our results provide a direct characterization of the spatiotemporal features of
ZAP-70 activity in real time at subcellular levels.
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Introduction

TCR signaling relies heavily on the activation of ZAP-70, a member of the Syk family of
tyrosine kinases.22” Engagement of the TCR with cognate peptide bound to the major
histocompatibility complex (pMHC) results in phosphorylation of the immunoreceptor
tyrosine-based activation motifs (ITAMs) in the associated CD3 subunits. The dually
phosphorylated ITAMs serve as docking sites for the tandem SH2 domains of ZAP-70,
facilitating its recruitment to the TCR-CD3 complex and activation by Src family kinases,
such as lymphocyte-specific protein tyrosine kinase (Lck) and proto-oncogene tyrosine-
protein kinase (Fyn). Activated ZAP-70 then phosphorylates the linker of T cell activation
(LAT) and several other intermediate molecules in the proximal signaling complex, such as
the SH2 domain-containing leukocyte protein family members SLP-76, VAV family
members, and phospholipase Cy (PLC-y), which further induce various downstream
responses that lead to T cell activation.29:3% Mice and humans with ZAP-70 defects exhibit
impaired thymocyte development and peripheral T cell activation, and suffer from severe
combined immunodeficiency.3” The pivotal role of ZAP-70 calls for a better understanding
of its kinase activity in normal and diseased conditions as well as the underlying regulatory
mechanisms.

ZAP-70 activation is commonly reported by Western blot with antibodies targeting the
phosphorylation of two tyrosine sites: pY493 in the activation loop of the kinase domain that
is required for its full catalytic activity, and pY319 in interdomain B that stabilizes its active
conformation and binds Lck, facilitating the phosphorylation of Y493.2 Rapid
phosphorylation of these two tyrosine residues upon TCR engagement is accompanied by
ZAP-70 translocation from the cytoplasm to the plasma membrane, as shown by
fluorescence imaging.32:33 At even higher spatial resolution, phosphorylated ZAP-70 was
observed to localize in microcluters (200-500 nm-diameter) containing TCR and SLP-76
formed at the periphery of immunological synapse.! However, it is unclear how ZAP-70
activity is dynamically regulated at subcellular level.

Genetically encoded biosensors based on Forster resonance energy transfer (FRET)
technology is evolving as a new generation of live cell imaging approach to monitor the
dynamic intracellular signaling cascades.31:3438 FRET biosensors for ZAP-70 were reported
with its detection of ZAP-70 kinase activity at both the immunological synapse and the
opposing pole of synapse.829 Based on the same principle, we have developed and validated
a biosensor specific for Syk family kinases and observed Syk activation through FcyRIIA
and PDGF receptor signaling.4? Since Syk and ZAP-70 are differentially expressed in
immune cells (e.g. mature conventional T cells expressing only ZAP-70), we tested the
feasibility of using the biosensor to report ZAP-70 activity in T cells. We expressed the
biosensor in Jurkat T cells and observed rapid (within 10 sec upon TCR stimulation) FRET
changes specific to ZAP-70 activation. Concurrent imaging of the biosensor and calcium
reveals that ZAP-70 activation is correlated with the early calcium elevation. Stimulation of
Jurkat E6.1 cells with superantigen-pulsed Raji B cells induced rapid and sustained ZAP-70
activation with a much higher ZAP-70 activities in immunological synapse than in anti-
synapse or in cytosol. Furthermore, ZAP-70 activity was suppressed by cholesterol
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depletion, suggesting a critical role of membrane organization in ZAP-70 activity regulation
within the TCR signaling network.

Materials and Methods

Cell culture and transfection

Reagents

Raji B cells, Jurkat cell clones E6.1 and P116 were purchased from American Type Culture
Collection. P116 cells expressing ZAP-70 KA were a kind gift of Dr. Arthur Weiss
(University of California, San Francisco). Jurkat cells were transfected with the biosensor
following the standard procedure established by Amaxa nucleofector. Typically, 3x108 cells
were transfected with 8 pg of plasmid DNA. 24 hours after transfection, cells were cultured
in RPM11640 supplemented with 10% fetal bovine serum (FBS), 100 U/ml Penicillin, 100
pg/ml Streptomycin and 2 mM L-glutamine in the presence of 1.2 mg/ml G418 as the
selection regent. Stable cell lines were generated by FACS sorting of the CD3+YPet+
population.

Anti-CD3 (clone OKT3), anti-ZAP-70 (clone 1E7.2), mouse IgG1 isotype control, and
APC-conjugated anti-mouse 1gG1 (clone M1-14D12) were from eBioscience. Rabbit anti-
GFP (clone ab290) and goat anti-Rabbit IgG H&L (HRP) (clone ab6721) were from abcam.
X-rhod-1-AM, probenecid, Dynabeads, and anti-p tublin antibody were from Invitrogen.
Goat anti-mouse 1gG peroxidase conjugated, and mouse anti-goat 1gG H&L were from
Thermo Scientifc. Rabbit anti-phosphoZAP-70 was from Cell Signaling. Mouse anti-
phosphotyrosine 4G10 was from Millipore. Superantigen was a mix of recombinant
staphylococcal enterotoxin E, staphylococcal enterotoxin A, staphylococcal enterotoxin B,
and staphylococcal enterotoxin C3 coming from Toxin Technology. All chemicals and other
reagents were from Sigma unless otherwise indicated.

In Vitro kinase assay

Biosensor was expressed with N-terminal 6x His-tag in £scherichia coli and purified by
nickel chelation chromatography as previous described.4? Fluorescence emission spectrum
with 430 nm excitation of purified biosensor with a final concentration of 1 pM was
measured in a 96-well plate using a fluorescence plate reader (TECAN, Sapphire 11).
Emission ratios of ECFP/FRET (478/526 nm) were measured in kinase buffer (50 mM Tris
pH 8, 100 mM NaCl, 10 mM MgCI2, 2 mM dithiothreitol, 1 mM ATP) at 30°C before and
after the addition of 1 ug/ml active ZAP-70 kinase (Calbiochem).

Immunoprecipitation and immunoblotting

3x107 Jurkat cells expressing biosensors were harvested, washed and resuspended in 200 pl
HBSS working buffer, then stimulated or kept as a control before being lysing. For anti-CD3
stimulation, 10 pg/ml OKT3 was added to Jurkat cells suspension for 10 min at 37°C. For
superantigen stimulation, 3x107 Raji B cells were pulsed with 200 ng/ml mixture of
recombinant superantigen staphylococcal enterotoxin E, staphylococcal enterotoxin A,
staphylococcal enterotoxin B, and staphylococcal enterotoxin C3 for 30 min at 37°C. Then
biosensor-expressing Jurkat cells were mixed with superantigen-pulsed Raji B cellsina 1:1
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ratio and spun down for incubation for the indicated time at 37°C. Reactions were ceased by
adding cold HBSS working buffer into cell suspensions. After stimulation, cells were
washed twice, and lysed with 300 pl ice-cold NP 40 lysis buffer (supplemented with 1mM
PMSF, 1x protease inhibitor cocktail and 1x phosphatase inhibitor cocktail) for 30 min.
Lysates were clarified by centrifuging at 14,000 g for 10 min at 4°C. Post nuclear
supernatants were subjected to immunoprecipitation with an anti-GFP coated on Dynabeads
Protein G. The cell lysates and eluted immunoprecipitants were separated by 10% SDS-
polyacrylamide gel and analyzed by immunoblotting with indicated primary antibodies and
corresponding secondary antibodies conjugated with peroxidase. Images were revealed by
ECL.

Flow cytometry

Jurkat E6.1 and P116KA cells were fixed with cold 4% paraformaldehyde in PBS for 10 min
at room temperature, washed and re-suspended in permeabilization buffer (HBSS, 0.1%
saponin, 0.05% NaN3), then stained for 1 hr with 10 pg/ml anti-ZAP-70 or mouse 1gG1
isotype control followed by washing and staining with 10 ug/ml APC-conjugated anti-mouse
IgG1 secondary antibody for an additional 30 min. The samples were processed using LSR
flow cytometer (Becton Dickinson BD) and analyzed using FlowJo software (Stanford
University-Tree Star).

Biosensor spectral imaging

1x10% Jurkat cells were harvested, washed twice and resuspended in 300 ul HBSS working
buffer, or pretreated with 10 uM piceatannol for 30 min at room temperature. The Focht
Chamber System 2 (FCS2; Bioptechs) was kept at 37°C and placed on the stage of a LSM
510 META Carl Zeiss laser scanning microscope (Jena, Germany). Cells were allowed to
settle down on coverslips coated with Poly-L-Lysine and stimulated by injecting 10 pg/ml
anti-CD3 or vehicle into chamber for 15 min and fixed. ECFP was excited at 840 nm (two-
photon excitation) using a tunable Chameleon laser. Spectral images were acquired ranging
from 440 nm to 580 nm. Emission intensity at individual wavelength was normalized to the
average of intensities from all wavelengths. Data were collected from 3 experiments, each
containing no less than 20 cells.

Immunostaining and imaging of pZAP-70

Jurkat E6.1 cells expressing biosensor were mixed with superantigen-pulsed Raji B cells in
1:1 ratio, then spun down and incubated for 2 min. Cells were fixed and permeabilized for
intracellular staining with rabbit anti-pZAP-70, and then Cy5-conjugated goat anti-rabbit
IgG. Images were acquired in a Zeiss LSM 510 NLO confocal microscope.

Epi-fluorescence imaging of ZAP-70 biosensor and calcium

Epi-fluorescence imaging of biosensor-expressing cells was performed using an Olympus
IX70 inverted microscope equipped with a 60x, 1.45NA TIRF objective and the Micro-
Manager 1.4 imaging software.1* Jurkat cells expressing the biosensor were loaded into
imaging chamber containing CO, independent medium with 5 mM HEPES and 1% BSA.
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Cells were excited at 436/20 nm with the emissions of ECFP and YPet collected
sequentially at 480/40 nm and 535/30 nm, respectively.

For simultaneous monitoring of calcium activity, Jurkat E6.1 cells expressing the biosensor
were incubated with 5 pM X-Rhod-1-AM and 2.5 mM probenecid in PBS for 30 min and
washed twice before imaging. Cells were excited alternately at 580/15 nm, 436/20 nm,
436/20 nm, and collected for X-Rhod-1, ECFP, and YPet emissions at 645/75 nm, 480/40
nm, and 535/30 nm, respectively.

Data analysis and statistics

Results

All data were analyzed using customized Matlab (MathWorks) program and Excel
(Microsoft). Raw image files were primed for analysis by subtracting background, denoising
with a 3x3 median filter, and compensating for inter-channel cell motion. ECFP/FRET ratio
is calculated as the ratio between emission channels of donor ECFP (480/40 nm, ECFP) and
acceptor YPet (535/30nm, FRET) under the same donor excitation (436/20 nm). Ratio
images were presented using IMD display mode.3° Ratios were averaged across each cell as
defined by binary mask of the FRET channel. Student t-test was performed for comparison
between two groups. *, p<0.05; **, p<0.01; ***, p<0.001.

Biosensor design and in vitro validation

We have previously developed the FRET biosensor for Syk family kinases and observed Syk
activation upon FcyRIIA or PDGF receptor stimulation in K562 or MEF cells,
respectively.? The biosensor consists of an ECFP-YPet FRET pair, a SH2 domain, a
flexible linker, and a peptide sequence from Vav2, one of the substrates of Syk and ZAP-70
(Fig. 1a).40 The biosensor works in the high FRET mode at rest state and switches to the low
FRET mode when the substrate gets phosphorylated, which allows the intramolecular
binding of the SH2 domain and subsequent separation of the FRET pair (Fig. 1b).4? This
FRET switch translates ZAP-70 kinase activities into changes in the ratio of ECFP (Donor)
and YPet (Acceptor or FRET) emissions under the same donor excitation.

Knowing its high specificity to Syk, we then validated the biosensor using purified active
ZAP-70 proteins (Fig. 1c). Addition of active ZAP-70 induced an increase in ECFP/FRET
ratio on wild type (WT) biosensor over time that reached steady state level of 60% by 200
min, indicating ZAP-70-induced significant loss of FRET. Substitution of either kinase
phosphorylation Tyr site with Phe (Y172F) in the substrate domain or Arg to Val (R175V) in
the SH2 domain abolished the FRET response. This confirms that the biosensor alters FRET
response to ZAP-70 in a phosphorylation-dependent manner as designed.

Biosensor responses are ZAP-70 specific in Jurkat T cells

To test the biosensor specificity in live cells, we expressed the biosensor in Jurkat E6.1 T
cells, in which ZAP-70 is the only Syk family kinase expressed.1®> The emission spectral
response was examined with stimulation of cells using anti-CD3 (Fig. 2a). Exciting ECFP
alone resulted in a spectrum of unstimulated cells with a peak emission around 520 nm,
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confirming the high FRET at the rest state. Stimulation with anti-CD3 enhanced ECFP
emission (~476 nm) at the expense of YPet emission (~520 nm), which yielded 38%
increase in the ECFP/FRET emission ratio (Fig. 2b). This spectral change was abolished in
cells pretreated with piceatannol, an inhibitor for the Syk kinase family (Fig. 2a & b).28

To further confirm the biosensor specificity, we compared biosensor phosphorylation and
FRET signals in WT (E6.1) versus ZAP-70-deficient (P116) Jurkat cells upon anti-CD3
stimulation. Cells were lysed and immunoprecipitated with anti-GFP antibody followed by
immunoblotting with anti-pY antibody. Addition of soluble anti-CD3 triggered a significant
increase of biosensor phosphorylation in E6.1 cells, as identified by the band at molecular
weight of 70 kD; whereas no change was detected in P116 cells (Fig. 2c). Consistent with
the phosphorylation events, E6.1 cells showed rapid and robust ECFP/FRET ratio increase
(~20%) following anti-CD3 stimulation (Fig. 2d). By comparison, the P116 cells showed no
detectable ECFP/FRET ratio changes, similar to the unstimulated control. These data
indicate that biosensor phosphorylation and its FRET responses are ZAP-70 dependent in
Jurkat T cells.

In addition to its kinase activity, ZAP-70 was also found to regulate TCR/BCR signaling and
T/B cell functions through kinase-independent mechanisms.32 To confirm that our biosensor
reports the kinase activities of ZAP-70 instead of an indirect outcome of its kinase-
independent regulation, we expressed the biosensor in P116 cells reconstituted with a
kinase-inactive ZAP-70 mutant (ZAP-70 K369A).6:9 Despite the ZAP-70 K369A expression
in P116KA cells was similar to that of ZAP-70 in E6.1 cells (Fig. S1), P116KA cells failed
to generate biosensor FRET response to anti-CD3 stimulation (Fig. 2d), further proving the
faithful report of ZAP-70 kinase activities by this biosensor.

Biosensor reports ZAP-70 activities with fast kinetics in Jurkat T cells

To test the ability of our biosensor to report ZAP-70 activity with kinetics similar to
endogenous signaling molecules, such as ZAP-70 and its substrates, we compared the
phosphorylation kinetics of the biosensor in E6.1 cells with that of ZAP-70, SLP-76, and
LAT following stimulation with superantigen-pulsed Raji B cells (Fig. 3a & b).
Phosphorylation of ZAP-70 Y493 increased by 1 fold at as early as 2 min after stimulation,
and peaked at 15 min in all the time points examined. In contrast, the maximum
phosphorylation at ZAP-70 Y319 occurred much earlier (at 2 min), which is consistent with
its role in binding Lck and facilitating the phosphorylation of Y493. Biosensor
phosphorylation displays a 20% increase at 2 min, and peaked at 70% increase at 15 min,
and then decrease to baseline at 30 min. This largely matches the kinetics of ZAP-70 pY493,
which indicates its full activation. The phosphorylation kinetics of SLP-76 Y145 and LAT
Y191 are slightly different with a peak at 2 min. This may be attributed to their location and
dephosphorylation rates by phosphatases. Phosphorylated ZAP-70, SLP-76, and LAT are
more concentrated near the membrane and are more easily to be dephosphorylated than the
biosensor that diffuses freely in the whole cell, since phosphatases are also found to
translocate to membrane upon TCR stimulation.!

We also evaluated the kinetics of biosensor FRET changes in response to positive and
negative modulations of upstream signals by imaging individual E6.1 cells. Anti-CD3

Ann Biomed Eng. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 7

induced ECFP/FRET ratio increase was observed at the first time point (30 sec) post
stimulation and plateaued at ~20% increase within 90 sec (Fig. 3c), indicating rapid ZAP-70
activation. The high ECFP/FRET ratio then dropped to baseline within 1 min after addition
of piceatannol (Fig. 3c), indicating a fast and specific reaction of the biosensor with ZAP-70.
Moreover, the ratio went below baseline post piceatannol treatment, suggesting the
inhibition of a basal ZAP-70 activity. Indeed, basal levels of phosphorylation of the
biosensor, ZAP-70, SLP-76, and LAT were observed in E6.1 cells even without anti-CD3
stimulation (Figs. 2¢ & 3a). This basal activity was further revealed by inhibiting the
upstream Src family kinases with PP2, which caused a 17% decrease of ECFP/FRET ratio in
5 min (Fig. 3d). On a single cell basis, the maximum percentage of ECFP/FRET ratio
decrease is positively correlated with the ratio baseline (Fig. 3e), also suggesting that the
biosensor reports the depletion of basal active ZAP-70 following PP2 treatment.
Furthermore, the responses of the ZAP-70 biosensor to anti-CD3 and PP2 also match the
activities of the upstream Src family kinases as measured using E6.1 cells expressing a Src
biosensor (Fig. S2).38

Concurrent measurement of ZAP-70 activities and intracellular calcium

Numerous studies have demonstrated that stimulation of the TCR-CD3 complex induces a
rapid increase of cytosolic [Ca2*], released from intracellular Ca2* stores via IP3
receptors.?1:36 As a kinase of early TCR signaling, ZAP-70 initiates several downstream
signaling cascades, including PLC-y activation and subsequent IP3 production. To further
explore the multiplexing capability of reporting hierarchical signaling events with the
biosensor, we combined biosensor and calcium fluorescence imaging by loading calcium
indicator X-rhod-1-AM into biosensor-expressing E6.1 cells. We observed the initiation of
ZAP-70 activation within 10 sec upon addition of soluble anti-CD3, with a slight delay in
calcium flux (Fig. 4a). At a 10-sec temporal resolution, rapid responses of the biosensor and
cytosolic calcium were also observed in E6.1 cells stimulated with superantigen-pulsed Raji
B cells (Fig. 4b). The increases of these two signals are much stronger and faster comparing
with soluble anti-CD3 stimulation, and show positive correlation in the maximum magnitude
within 2 min upon contact with B cells (Fig. 4c). The possible negative effect of DMSO in
the calcium dye was excluded by comparing the ECFP emissions of biosensor-expressing
cells with and without DMSO treatments (Fig. S3). These results indicate that ZAP-70
activation reported by the biosensor precedes or is accompanied by calcium release, further
enhancing the role of ZAP-70 in early TCR signaling.

Biosensor reveals local ZAP-70 activation within the immunological synapse

A key process during T cell activation is the formation of immunological synapse with
antigen-presenting cells.”-16. Immunological synapse provides a special interface, where the
TCR, adhesion molecules and co-stimulatory receptors are redistributed, engaged, or
internalized, triggering highly localized signaling cascades.12234 Intrigued by this local
signal transduction, we sought to visualize the spatial and temporal pattern of ZAP-70
activity with the aid of our biosensor. The immunological synapse was observed within 2
min after E6.1 cells encountered superantigen-loaded Raji B cells and was accompanied by
an immediate ZAP-70 activation mostly confined in the synapse (Fig. 5a & ¢). In contrast,
P116 cells failed to generate significant FRET changes although nascent synaptic structures
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were also observed (Fig. 5b & c). Interestingly, the kinetics of ZAP-70 activation is related
to the “quality’ of synapses formed. Stable synapses lasting for more than 15 min generated
much stronger and more sustainable ZAP-70 activation than unstable ones (Fig. 5¢),
suggesting distinct ZAP-70 signaling dynamics coupled with antigen recognition.

To further characterize the spatial pattern, we quantified ECFP/FRET ratio in three cellular
compartments: the synapse, the anti-synapse (the distal pole of synapse?2?), and the cytosol.
At both time points examined (2 min and 10 min after B cell encounter), no difference was
found between anti-synapse and cytosol, whereas the ECFP/FRET ratio is significantly
higher in synapse than in the other two compartments (Fig. 5d). The highly localized
ZAP-70 activation is distinct from the more uniform pattern of ZAP-70 activity with soluble
anti-CD3 stimulation (Fig. S4). Consistent with the biosensor-reported local signaling, fast
and local phosphorylation of ZAP-70 in the immunological synapse was detected by anti-
phospho-ZAP-70 immunostaining (Fig. S5).

Regulation of ZAP-70 activities downstream of TCR signaling depends on membrane

organization

TCR signaling has been found to rely on the segregated membrane microdomains, where
enriched cholesterol and sphingolipids are thought contributing to the spatial regulation of
receptor triggering and signaling.13:17 This is evidenced by the previous findings that some
key molecules in TCR triggering are either associated with or recruited to the distinct
membrane compartments upon TCR stimulation.#211.24 To examine how membrane
organization impacts the dynamics of ZAP-70 activities, we imaged the biosensor responses
of E6.1 cells treated with methyl-p-cyclodextrin (MBCD) that depletes cellular cholesterol.
Comparing to non-treated cells, MBCD-treated cells exhibited much lower and transient
ZAP-70 activation to anti-CD3 stimulation (Fig. 6a), as well as a much weaker deactivation
to PP2 treatment, suggesting the importance of membrane organization in the proper
regulation of ZAP-70 signaling.

Discussion

ZAP-70 activation is a crucial step in T cell activation upon TCR triggering, which amplifies
the signal by phosphorylating various substrates, such as LAT, SLP-76, and the VAV family
members. Defects in ZAP-70 could lead to impaired T cell development and effector
functions.3” Despite extensive studies of this molecule, it remains unclear how the kinase
activity is dynamically regulated inside of live T cells. In this study, we characterized the
specificity, kinetics, and spatial resolution of a FRET-based biosensor to ZAP-70 activity,
and demonstrated its applications for direct visualization of the spatiotemporal distribution
of ZAP-70 activities in individual Jurkat T cells. Using biosensor-expressing E6.1 cells, we
observed ZAP-70-dependent rapid FRET loss upon anti-CD3 stimulation, which was
promptly recovered by treatment of piceatannol, a ZAP-70 inhibitor. This fast and reversible
FRET response is required for faithfully reporting ZAP-70 signaling dynamics. Our data
was further strengthened by the similar phosphorylation kinetics comparing to endogenous
ZAP-70 Y493 and by the concurrent increase in cytosolic calcium and the ECFP/FRET
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ratio. The high specificity and fast kinetics of the biosensor response enabled us to evaluate
both TCR-induced ZAP-70 activation and basal level of active ZAP-70 in resting cells.

To monitor the spatiotemporal patterns of ZAP-70 signaling, we used our biosensor to
visualize the activation of ZAP-70 at a subcellular level. Stimulation of E6.1 cells with
superantigen-pulsed Raji B cells induced ZAP-70 activation at local regions with a
concomitant formation of immunological synapse. The ECFP/FRET ratio rapidly increased
near the conjugating area from 1 min and sustained for 15 min, showing a distinct pattern of
microdomain signal transduction. Considering the cytosolic diffusion of the biosensor, the
real ZAP-70 activity within the synapse should be even stronger. In a previous study,
Randriamampita et al. observed ZAP-70 activation in both the synapse and the distal pole of
synapse (termed “anti-synapse” by the authors) using a membrane-anchored biosensor with
a LAT derived sequence.2® However, we did not observe ZAP-70 activation by Raji B cells
in “anti-synapse” using our biosensor or in further confirmation using anti-phospho-ZAP-70
staining (Fig. S5), which is consistent with the previous findings of the receptor-proximal
signaling of ZAP-70.

There have been increasing studies suggesting membrane organization as a key player in
TCR signaling.13:17 The early signal transduction initiated by TCR triggering relies heavily
on the local balance of kinase and phosphatase activities, which can be spatially regulated by
the recruitment of signaling molecules to or their segregation from TCR-CD3 and receptor-
proximal signaling complex.10:24 As a key component of microdomains, cholesterol is found
to contribute to normal TCR signaling by regulating TCR-induced phosphorylation.
Cholesterol oxidation in 3A9 T hybridoma cells inhibits TCR-induced tyrosine
phosphorylation of CD3(, ZAP-70 and LAT1L, Modifications of cholesterol even reduce the
binding affinity between pMHC and TCR or CD8.18:19.22.25 | our study, we visualized
altered ZAP-70 activities after cholesterol depletion. MBCD-treated E6.1 cells failed to elicit
strong and sustained ZAP-70 activation in response to anti-CD3, or to reduce basal ZAP-70
activity after inhibiting upstream Src family kinase with PP2. This is consistent with
previous reports that both basal and TCR-induced phosphorylation of Lck Y394 and ZAP-70
Y319 are greatly reduced by MBCD treatment in peripheral blood T blasts.3? This impaired
signaling dynamics provides further evidence for the essential role of membrane
organization in regulating TCR signal transduction.

In our experiments, we noted that photobleaching could distort the current ratiometric
representation of FRET changes. Since the default conformation of the ZAP-70 biosensor
has a relatively high FRET level, exciting the donor results in faster photobleaching of the
acceptor than donor. This translates into a gradual increase of the ECFP/FRET ratio
regardless of ZAP-70 activation (Fig. S6a). Photobleaching can also reduce the sensitivity of
detection in long time-lapse imaging, as photobleached species (donor, acceptor, or both)
may still serve as substrate for ZAP-70, but would be less responsive for FRET changes.
Since photobleaching and redistribution of different biosensor species are reaction and
diffusion processes, the extent of photobleaching-induced ECFP/FRET ratio increase
depends on the amount of photobleached biosensor species during each excitation period,
and the duration between consecutive imaging frames for diffusion to disperse in-focus
photobleached species. Accordingly, we observed a slower rate of increase in ECFP/FRET
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ratio when the frame interval was increased (Fig. S6a & b), with 5-min interval generating
almost no photobleaching artifact. Comparing to the 30-sec interval, the 5-sec interval
yielded a doubled rate of ratio increase per frame (Fig. S6¢), suggesting that 5 sec is not
enough for diffusion to equilibrate photobleached biosensor molecules. This is consistent
with the relatively slow cytosolic diffusivity (0.93+0.06 um?/sec) of the Src biosensor, which
has a similar design as the present ZAP-70 biosensor.28 When photobleaching artifact was
minimized with a 5-min frame interval, we restored the kinetics of ZAP-70 activity in
response to anti-CD3 stimulation (Fig. S6d). Different from the sustained high ratios under a
30sec-sampling interval, it started to decrease after 5 minutes.

In conclusion, we demonstrated the power of a FRET-based biosensor to report the
spatiotemporal activities of ZAP-70 in living cells with subcellular resolution, which
provides a unique tool for the analysis of ZAP-70-mediated immunoreceptor signaling.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. Biosensor design and in vitro characterization
(a) Biosensor consists of an ECFP domain, an SH2 domain, a flexible linker (sequence

indicated), a substrate sequence derived from Vav2 (indicated) containing a tryrosine in
position 172, and a YPet domain“?. (b) Schematics showing the mechanism of reporting
ZAP-70 activity by FRET changes. Phosphorylation of the substrate peptide induces its
intramolecular binding to the SH2 domain, resulting in separation of the ECFP and YPet and
thus a decrease in FRET efficiency. (¢) ECFP/FRET emission ratio (defined as the ratio
between emission channels of donor ECFP and acceptor YPet under the same donor
excitation) time courses of purified biosensor in response to active ZAP-70 in vitro. Controls
included two biosensor mutants with a single residue substitution either at the substrate
Tyrl72 (YF) or the SH2 R176 (RV).
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FIGURE 2. ZAP-70-specific biosensor responses in Jurkat T cells

(a) Emission spectra of Jurkat E6.1 cells expressing the biosensor in response to anti-CD3
stimulation. E6.1 cells with or without piceatannol treatment were unstimulated or
stimulated with anti-CD3 for 15 min. Spectral images of each cell were acquired using the
lambda mode of an LSM510 META confocal microscope. Data represent mean = SEM from
36, 40, and 73 cells of the three groups from top to bottom, respectively. (b) Statistics of 485
nm/517 nm emission ratios calculated from (a). Significance was assessed by Student t-test
between the middle and right columns as well as between these two columns and the first
one. *, p<0.05; **, p<0.01; ***, p<0.001. (c) Western blot analysis of biosensor
phosphorylation in Jurkat cells. E6.1 and P116 cells expressing the biosensor were
stimulated with anti-CD3 for 10 minutes. Cell lysate were subjected to anti-GFP
immunoprecipitation, and analyzed by SDS-PAGE followed by immunoblotting with anti-
phosphotyrosine (upper), and stripping and reblotting with anti-GFP (lower). Column plot
shows quantification of pY to GFP ratio based on blots intensity. (d) Normalized ECFP/
FRET ratio time courses of Jurkat E6.1 (n = 9 cells), P116 (n = 23 cells), and P116KA (n =
27 cells) cells expressing the biosensor in response to anti-CD3 (10 ug/ml) stimulation.
Control shows background ratio changes in E6.1 cells without stimulation (n = 19 cells).
Data represent mean £ SEM of individual cells imaged with Epi-fluorescence microscopy.
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FIGURE 3. Biosensor reports ZAP-70 activities with fast kinetics in Jurkat T cells
(a) Phosphorylation kinetics of the biosensor comparing with endogenous ZAP-70 and its

substrate molecules upon stimulation with superantigen-pulsed Raji B cells. Uppet, the
whole cell lysates were subjected to immunoprecipitation with anti-GFP and subsequent
blotting with either anti-pY or anti-GFP. Lower, whole cell lysates post biosensor
immunoprecipitation were subjected to western blotting with antibodies indicated. (b)
Quantification of phosphorylation kinetics using data shown in (a). pY band intensities were
normalized by that of loading control and 0 min time point. (c)—(d) Normalized ECFP/FRET
ratio time course (mean = SEM) of Jurkat E6.1 cells expressing the biosensor in response to
anti-CD3 (10 pg/ml) and subsequent piceatannol (10 pug/ml) stimulation (b, n = 9 cells) or
PP2 (10 uM) stimulation (c, n = 17 cells). (e) Correlation analysis between ECFP/FRET
ratio baseline and the maximum ratio decrease followed by PP2 treatment in (c).
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FIGURE 4. Concurrent imaging of ZAP-70 activation and calcium flux upon TCR stimulation
(a)—(b) Time courses (mean £ SEM) of normalized ECFP/FRET ratio for ZAP-70 activity

(blue curve) and X-rhod-1 intensity for intracellular calcium flux (red curve) of individual
Jurkat E6.1 cells stimulated with 10 pug/ml soluble anti-CD3 (a, n = 19 cells), or
superantigen-pulsed Raji B cells (b, n = 37 cells). (c) Correlation analysis between
maximum fold changes of ECFP/FRET ratio and X-Rhod-1 intensity within 120 sec upon B
cell contact.
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FIGURE 5. Biosensor reveals local ZAP-70 activation within the immunological synapse
(a) Representative image series showing ZAP-70 activation within the immunological

synapse formed between Jurkat E6.1 cells (green label, E6.1 #1 and #2) and superantigen-
pulsed Raji B cells (blue label, B). Upper, bright field images of synapse formation; lower,
ECFP/FRET ratio images in IMD display with the hue component indicating ECFP/FRET
ratio and the value component indicating YPet fluorescence. (b) Representative image series
(Upper, bright field; lower, ECFP/FRET ratio images in IMD display) of Jurkat P116 cells
(green label, E6.1 #1 #2, and #3) interacting with superantigen-pulsed Raji B cells (blue
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label, B). (c) Normalized ECFP/FRET ratio time courses (mean £ SEM) calculated across
the whole cell region. Stable immunological synapse (IS) is defined as one lasting for more
than 15 min. E6.1 stable IS, n = 10 cells. E6.1 unstable IS, n = 6 cells. P116 unstable IS, n =
9 cells. (d) Comparison of ECFP/FRET ratio among different subcellular compartments.
Anti-synapse, the opposite pole of synapse.
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FIGURE 6. MBCD treatment impairs ZAP-70 activities in response to upstream stimuli
(a) Normalized ECFP/FRET ratio time courses of Jurkat E6.1 cells expressing the biosensor

in response to anti-CD3 (10 ug/ml) stimulation with (n = 32 cells) or without (n = 26 cells)
MPBCD pretreatment. (b) Normalized ECFP/FRET ratio time courses of Jurkat E6.1 cells
expressing the biosensor in response to PP2 (10 pM) stimulation with (n = 18 cells) or
without (n = 17 cells) MBCD pretreatment.
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